










COMPARISON OF THE SUCTION-TYPE AND THE NORMAL-TYPE DTH DRILL BITS IN 












 A thesis submitted to the Faculty and the Board of Trustees of the Colorado School 
of Mines in partial fulfillment of the requirements for the degree of Master of Science (Mining 

















M. Stephen Enders 
Department Head 







 Reverse circulation drilling is a commonly used drilling technique in mineral exploration 
due to its high sampling rate and cost-efficiency. The effectiveness of this drilling technique 
depends on the operational parameters and the utilized drill bit type. The normal-type down-the-
hole (DTH) hammer bit is mainly preferred in reverse circulation drilling since it can be used 
either for direct circulation or reverse circulation drilling operations. A new-type drill bit named 
as the suction-type drill bit has been designed and developed in China to increase the efficiency 
of reverse circulation drilling performance. Reverse circulation drilling performance can be 
evaluated by the high negative pressure inside the drill bit and the suction capacity of the system. 
This study examines the reverse circulation drilling performances of these two types of drill bits 
using the Computational Fluid Dynamics (CFD) modeling. ANSYS Fluent, a CFD code, is 
utilized for the numerical simulations. First, three suction-type drill bits with a different number 
of flushing nozzles are designed and analyzed to find the optimum operational air inlet amount 
according to the flushing nozzle number. Then, the normal-type DTH drill bit is tested under the 
same operational parameters. The simulation results show that the normal-type DTH drill bit 
does not provide sufficient reverse circulation compared to the suction-type drill bit. The suction-
type drill bit has more negative pressure inside the drill bit and suction capacity, which leads to a 
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Minerals and metals are substantial components of the development of human society. 
Thus, the discovery of minerals, its exploitation, and its usage have always been a significant 
consideration for civilizations. Mineral exploration is one of the essential parts of mining 
activities. As the name implies, it means the discovery of the deposits on the Earth's crust by 
using state-of-the-art exploration techniques, including geological, geochemical, geophysical, 
and drilling techniques (Haldar, 2018). 
In the mineral exploration stage, drilling is used to locate and define economic 
mineralization beneath the surface, providing detailed information for the next stages of mining. 
The geological data gathered from boreholes are used to generate the geologic model of the 
orebody. Once the orebody is modeled, feasibility, development, and production stages can be 
planned. In other words, mining starts with drilling. Among all mineral exploration techniques, 
drilling is the most important and can be the most expensive method (Marjoribanks, 2010).  
1.1 Types of Drilling Techniques in Mineral Exploration  
Two main types of drilling techniques can be utilized in mineral exploration, namely 
diamond core drilling and reverse circulation drilling.  
1.1.1 Diamond Core Drilling  
In this drilling technique, cores from the subsurface are produced to obtain geological 
information and look for the presence of minerals. This method is useful to see the full picture of 
the rock formations because cores are stored in core boxes and marked for the depth they are 
obtained from. Diamond core drilling is also essential to determine the size and the exact 
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boundaries of mineralization. It is used for ore grade determination and mineral reserve 
calculation (Atlas Copco, 2010).  
1.1.2 Reverse Circulation (RC) Drilling  
Due to the high drilling efficiency, low cost, high sampling rate, and other advantages, 
including uncontaminated sampling, less deviation on hole diameter, and reduction in drilling 
time, this drilling technique is commonly used in the field of mineral exploration and production 
(Chiang & Elías, 2000). It uses compressed air as a circulation fluid for the transportation of 
cuttings in a reverse circulation manner. Compressed air flows through the annular space of the 
double-wall drill pipes, and the hollow through the down-the-hole (DTH) hammer. The pressure 
difference between the annular space and the central passage enables the rock cuttings to be 
carried to the surface through the central passage of the double-wall drill pipe (Kun et al., 2011).  
The normal-type DTH RC drill bit is commonly utilized for RC drilling operations 
worldwide. With the increasing popularity of RC drilling, many studies (e.g., Cao et al. (2016), 
Wang et al. (2015), Zhao et al. (2014, 2017a, 2017b), Luo et al. (2016), and Hao et al. (2009))  
have been conducted to optimize the drill bit and increase the effectiveness of this technique. The 
suction-type RC drill bit that was developed in China is another RC drill bit recently introduced 
to the drilling field. The main difference between the normal-type DTH and the suction-type drill 
bits is that the suction-type bit involves suction and flushing nozzles. The air coming from the 
compressor is divided into two; one part enters the suction nozzles to decrease the pressure 
inside the central passage. The other goes into the bottom of the bit through flushing nozzles 
enabling rock particles to be sucked into the central pipe of the drill string. Figure 1.1 explains 
the mechanism of the suction-type drill bit.  
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Another difference is the bit bottom structures of both types of drill bits. The normal-type DTH 
drill bit has two orifices directly connected to the central passage of the drill bit where particles 
are collected. However, the suction-type drill bit has flushing nozzles combined with the 
pressure restoring grooves, creating more room for the rock particles.   
 
 




Since it is essential to improve the reverse circulation performance for the suction-type 
drill bit, many researchers (e.g., Hao et al. (2009), Zhao et al. (2014, 2017a, 2017b), Cao et al. 
(2016), Wu et al. (2017), and Luo et al. (2016)) have focused on optimizing the suction-type drill 
bit using computational fluid dynamics technique. Computational fluid dynamics (CFD) is a 
powerful tool for solving complex problems in modern engineering practice. CFD is a part of 
fluid mechanics that solves fluid flow problems using numerical analysis and data structures (Tu 
et al., 2013). ANSYS Fluent is a CFD code that is mainly used for fluid flow simulations. The 
detailed explanation and background theory of CFD are discussed in Chapter 2.  
Improvement of the RC drill bit can be interpreted by the negative pressure inside the 
drill bit and the suction capacity. For this purpose, CFD studies have been carried out in many 
studies to understand the fluid flow behavior inside the drill bit and design the structural 
parameters of the drill bit accordingly. For instance, Hao et al. (2009) used ANSYS Fluent CFD  
code to demonstrate the effect of suction nozzles inclinations on the suction-type drill bit's 
reverse circulation performance. The results indicated that the suction nozzles with 15 degrees 
obliquity provide the most negative fluid pressure from the bottom of the hole to the injector 
device, which created the most significant reverse circulation effect. The results were validated 
by experimental results for suction nozzle design with 15-degree obliquity. Another study that 
concerns the effect of suction nozzle design on reverse circulation effect was made by Zhao et al. 
(2017). They designed and developed two kinds of the suction-type drill bits with different 
suction nozzle structures. The first type bit was a type of reverse circulation drill bit with a 
double-row inner nozzle. The second type was a slit-type bit with slit-type nozzles that divided 
the ring-shaped injection port into narrow slots with the same overflow area. The results showed 
that the slit-type inner nozzle structure had a more efficient pumping effect, which led to better 
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reverse circulation. The field tests were conducted to validate the results of the simulation. The 
tests proved the effectiveness of the designed slit-type reverse circulation drill bit. A similar 
study was made by Cao et al. (2016). They remodeled the suction-type drill bit in FLUENT in a 
way that annular-slit was used instead of suction nozzles. The simulation results proved that 
annular-slit had improved the amount of sucked air through central passage 1.76 times compared 
to a normal suction-type drill bit. Again, simulation results were validated by an experimental 
study. These studies show that the drill bit's reverse circulation suction capacity is directly 
related to suction nozzle design. To support this idea, Zhao et al. (2017) developed three 
different types of RC drill bits with different suction nozzle designs. These three types of drill 
bits had the same structure except the suction nozzles' number and orientation. FLUENT 
simulation results proved that the amount of air sucked from the RC drill bit mostly was 
dependent on the structure of suction nozzles.  
In reverse circulation drilling operations, the dust has always been a significant problem. 
The small particulates produced during drilling in the bottom of the hole are escaped through the 
annular area, causing a vast amount of dust on the surface. The high suction capacity of the 
system helps to reduce the air loss through the annulus resulting in less dust generation. Some 
researchers studied the relation between the structure of the suction-type drill bit and the dust 
generation. Cao et al. (2017) optimized the suction-type drill bit to reduce the dust generation. 
They added a swirling slot on top of the suction nozzles to produce a swirling effect inside the 
central passage. The newly designed drill bit increased the negative pressure inside the drill bit 
and the suction capacity of the system. The increase in suction capacity reduced the dust 
generation during the drilling operations. Also, Wu et al. (2016) and Luo et al. (2015) studied 
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dust control in reverse circulation drilling. They proved that the design of a suction-type drill bit 
significantly impacted the amount of dust generated during drilling.  
1.2 Thesis Goal and Objectives 
The primary purpose of this thesis is to analyze and compare the reverse circulation 
drilling performances of the two types of RC drill bits using ANSYS Fluent. Since the large 
number of literature studies focus on the effect of suction nozzle number and structure on the 
reverse circulation performance, the other goal is to optimize the inlet air amount for the suction-
type drill bit for the different number of flushing nozzles. Although the normal-type drill bit is 
commonly used in reverse circulation drilling worldwide, there are a lack of studies that analyze 
the fluid behavior inside this type of drill bit. For this reason, this thesis aims to analyze and 
understand the fluid flow inside the normal-type drill bit for various air inlet amounts and 
compare these two types of drill bits for their reverse circulation drilling performances.  
1.3 Thesis Outline 
 For ease of reference, the rest of the thesis is divided into the following chapters: 
▪ Chapter 1 introduces the mineral exploration drilling techniques along with the literature 
review of the reverse circulation drilling. It addresses the thesis goal and objectives as well 
as the outline.  
▪ Chapter 2 gives a brief background of CFD and explains the CFD analysis methodology in 
the thesis. 
▪ Chapter 3 and Chapter 4 explain the details about the suction-type and the normal-type 
drill bits' CFD model setup, respectively. 









CHAPTER 2  
OVERVIEW OF THE CFD ANALYSIS 
 This chapter aims to give a brief CFD background to show the underlying processes of 
numerical simulations. It explains the implementation of CFD modeling for the suction-type 
reverse circulation drill bit for optimization of input air amount concerning the number of 
flushing nozzles, as well as CFD modeling for the normal-type DTH reverse circulation drill bit.   
2.1 Computational Fluid Dynamics (CFD) 
 Computational fluid dynamics (CFD) is an effective and useful tool to simulate fluid 
flows. It can be described as predicting fluid flow physics and behavior that affects heat transfer, 
mass transfer, and chemical reaction processes by solving mathematical equations using 
numerical simulations (Blazek, 2015). CFD provides a low-cost way of simulating real flows to 
fulfill experimental and analytical approaches. It significantly reduces the design and production 
times and costs. Besides, CFD is an easy way to simulate flow conditions that are not 
reproducible in a laboratory such as nuclear accidents, earthquakes, and tsunamis (Tu et al., 
2013). Although CFD is a useful tool for many practices, it has some limitations. CFD solutions 
rely on physical models of real-world processes. Therefore, it can be said that CFD solutions are 
only as accurate as their based physical models. The accuracy of the results also depends on the 
boundary and initial conditions, where poor boundary or initial conditions may lead to inaccurate 
results.  Despite the limitations, CFD is extensively used in many applications such as aerospace, 
automotive engineering, biomedical science and engineering, chemical and mineral processing, 
civil and environmental engineering, power generation, and as a research and education tool 
(Blazek, 2015).  
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 CFD analysis consists of three main elements: pre-processor, solver, and post-processor. 
Pre-processor includes the creation of geometry, mesh generation, material properties, and 
boundary conditions. The solver utilizes the governing equations and physical models for the 
solution. Post-processor is used for the visualization of the solution.  
The CFD analyses in this thesis are carried out using ANSYS software. This software 
provides a workbench that includes pre-processing and post-processing tools. ANSYS Fluent is a 
CFD code that is mainly used for fluid flow simulations.  
2.1.1 Pre-processing    
The creation of geometry can be two-dimensional or three-dimensional, representing the 
area or volume of the studied model. For accurate results, the geometry must be designed 
appropriately. The geometries used in this thesis are three-dimensional. 
 One of the essential steps of a CFD analysis is meshing. The designed geometry is 
divided into small elements corresponding to areas or volumes of the system for the computation 
process. A finely tuned mesh is a crucial element for mathematical convergence of the 
computation. The idea in meshing is to have a mesh as coarse as possible, considering accurate 
results to reduce computational cost and time of the simulations since a fine mesh leads to high 
computational cost and time while providing more accurate results. That is why a grid 
independence test must be carried out to find out the optimum mesh size.  
 Material properties and boundary conditions are applied to mass, momentum, and energy 
balances through the meshed geometry to solve the equations of the computation.    
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2.1.2 Solver  
 The governing equations used by ANSYS Fluent are as follows: conservation of mass, 
momentum, and energy equations, and turbulence equations (ANSYS, 2013). During the 
computation process, Fluent solves the mass and momentum equations for each system. The 
other supporting equations are solved to reach converged and accurate results depending on the 
model and boundary conditions.  
2.1.2.1 Continuity Equation – Conservation of Mass 
 The conservation of mass is provided by the equality of the rate of change of mass within 
the control volume and the mass flux crossing the surface S of volume V (ANSYS, 2013).  
Equation 2.1 demonstrates the generalized continuity equation.  
∂𝜌∂t + ∇ . (𝜌𝐕) = 0                                                               (2.1) 
Where: 
𝜌 is density, 
𝐕 is the velocity vector. 
For the three-dimensional flow, Equation 2.1 turns into Equation 2.2.  
D𝜌Dt +  𝜌 (∂u∂x + ∂v∂y + ∂w∂z) = 0                                                      (2.2) 
2.1.2.2 Conservation of Momentum 
 The conservation of momentum equation written in an inertial reference frame is shown 
in Equation 2.3 (ANSYS, 2013). 




p is the static pressure, 
τ̿ is the stress tensor (described below), 
𝜌g⃑  and F⃑  are the gravitational body force and external body forces.  
Equation 2.4 shows the stress tensor equation.  
   𝜏̿ =  𝜇 [ (∇ ∙ 𝑣 + ∇𝑣 𝑇) − 23 ∇ ∙ 𝑣 𝐼]                                                            (2.4) 
Where: 
𝜇 is the molecular viscosity,  
𝐼 is the unit tensor,  
and the second term on the right-hand side is the effect of volume dilation. 
2.1.2.3 Energy Equation 
 The energy equation is demonstrated in Equation 2.5 below (ANSYS, 2014).  
𝜕𝜕𝑡 (𝜌𝐸) + ∇ ∙ (𝑣 (𝜌𝐸 + 𝑝)) =  ∇ ∙ (𝑘𝑒𝑓𝑓∇𝑇 − ∑ (ℎ𝑗𝐽 𝑗)𝑗 + (𝜏?̿?𝑓𝑓 ∙ 𝑣 )) + 𝑆ℎ                (2.5) 
Where:  
E is energy,  
T is temperature, 
𝑘𝑒𝑓𝑓 is effective thermal conductivity, 
𝑆ℎ is the contribution from radiation and any other heat sources.  
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2.1.2.4 Turbulence Equation 
 In this thesis, Realizable 𝑘 − 𝜀 with standard wall functions is used. This turbulence 
model is governed by the Boussinesq relationship and eddy viscosity, simplified in Equation 2.6 
(ANSYS, 2013). 
𝑢2̅̅ ̅ = 23 𝑘 − 2𝑣𝑡 𝜕𝑈𝜕𝑥                                                                 (2.6) 
Where: 
𝑢2̅̅ ̅ is the normal stress. 
 Combustion, radiation, and other processes are not considered for the CFD analyses in 
this thesis.  
2.1.3 Post-processing  
 Post-processing is used for the visualization of the simulation results. It is a useful tool to 
analyze vast amounts of data produced during simulations. The variables such as volume and 
pressure fractions, velocities, temperatures are deposited at the end of the final iteration for each 
mesh. ANSYS provides access for the recorded data to visualize and analyze to enable explicit 
representations for the results. Post-processing is fundamental to understand the effectiveness of 
the model to reflect reality.  
2.2 Methodology of the CFD Analyses 
 This thesis has three types of analyses using CFD modeling. The first implementation is 
the suction-type reverse circulation drill bit analysis and optimization of the inlet air-amount for 
the number of flushing nozzles. Secondly, the normal-type DTH reverse circulation drill bit is 
modeled and the fluid behavior inside the drill bit is demonstrated for different input air-
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amounts. The final analysis includes a comparison of the results of the CFD models developed 
for the two types of drill bits under the same circumstances concerning their reverse circulation 
performances.   
Figure 2.1 demonstrates the flowchart of the CFD analyses applied in this thesis. The 
CFD analysis of both types of drill bits follows the same steps.  
 
 




The first step is the design of the geometries that are being investigated. For this purpose, 
two geometries are created for a suction-type and a normal-type DTH RC drill bit. The suction-
type drill bit geometry is modeled based on the literature studies. For the normal-type drill bit, 
the parameters are provided by the General Directorate of Mineral Research and Exploration 
(MTA) in Turkey. The designed geometries are then divided into smaller areas or volumes for 
the numerical simulations, which is called meshing. After meshing, the Fluent solver settings are 
adjusted for the simulations. Since the solver settings play a vital role in getting accurate results, 
they should be validated with literature or experimental studies. For this reason, the suction-type 
drill bit setup is validated by two literature studies, and the validation of the normal-type drill bit 
setup is carried out by a field study made in Turkey. Once the models are validated, the CFD 
analyses results for the two types of drill bits are interpreted and compared. The steps of the CFD 





CHAPTER 3  
SUCTION-TYPE REVERSE CIRCULATION DRILL BIT 
The suction-type reverse circulation drill bit has been designed and developed in China to 
increase the effectiveness of reverse circulation drilling (Z. Zhao et al., 2014). The bit consists of 
suction and flushing nozzles that differ from the normal-type DTH drill bit. Bit manufacturers 
offer different designs according to the client's demands. They may produce drill bits with a 
different number of suction and flushing nozzles. Since many studies have been carried out to 
investigate the impact of the suction nozzle structure and number on reverse circulation 
performance, the number of flushing nozzles is the primary consideration in this thesis. 
These nozzles enable the pressure inside of the drill bit to drop dramatically. The 
negative pressure provides a better reverse circulation effect in terms of rock cuttings transport. 
Besides, it is crucial to have a high suction capacity not to cause air-loss in the drilling system.  
3.1 Geometry 
 The modeled system is the drill bit containing air inlet area, the central passage of the 
drill bit, suction and flushing nozzles, and an annular outlet that represents the space between the 
drill bit and drill hole walls. Hence, the system has one mass flow inlet and two pressure outlets. 
For the sake of simplicity, the geometries do not include the drill bit buttons and hammer parts.  
For the suction-type drill bit, three different geometries are generated using the Design 
Modeler tool in ANSYS. Since the fluid flow inside the drill bit is an internal fluid problem, only 
the fluid part is drawn to make the simulations easier. Figure 3.1 demonstrates the common 




Figure 3.1: Common drill bit elements (left isometric view, right: symmetric view) 
 
The geometries for the three types of designs have the same dimensions. They only differ 
in the number of flushing nozzles. Table 3.1 shows a detailed explanation of the geometry 
dimensions. For each model, the dimensions for the air inlet, central outlet, annular outlet, 
suction nozzles, and flushing nozzles are kept constant. Only the number of flushing nozzles is 
changed as 6, 3, and 2 nozzles to see the effect of the number of flushing nozzles on reverse 
circulation performance.  
 
Table 3.1: The detailed geometry dimensions for the three types of drill bit designs 
 Air Inlet Central Outlet Annular Outlet 
Hydraulic diameter (mm) 20 50 8 




Table 3.1: Cont. 
 Flushing Nozzles Suction Nozzles 
Number of nozzles 6, 3, 2 6 
Diameter 7 mm 6 mm 
Length 65 mm 24 mm 
Angle (from vertical) 0 degrees 25 degrees 
 
The geometry designs for the three types of drill bits is shown in Figure 3.2. On the 6-
nozzle, 3-nozzle, and 2-nozzle designs, the flushing nozzles and pressure restoring grooves are 
spaced 60°, 120°, 180° from each other, center to center, respectively.  
 
 
Figure 3.2: Symmetric views of 6-nozzle design (left), 3-nozzle design (middle), 2-nozzle design 
(right) 
 
 The air coming from the air inlet is divided into two parts. One part goes to the bottom 
of the drill bit through flushing nozzles, enabling rock cuttings to be collected from the central 
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outlet. The other part enters the suction nozzles to decrease the pressure inside the central pipe. 
The air-flow direction inside the drill bit is represented in Figure 3.3. 
 
 
Figure 3.3: Air-flow direction inside the drill bit. The red arrow represents the entering air; the 
blue arrow shows the exiting air from the system. 
 
3.2 Mesh 
 The generated geometry must be represented as smaller volumetric elements for 
numerical computations. The subdivision of the computational domain into grid cells is called a 
mesh (ANSYS, 2013). The meshing process is a critical step in getting accurate results. The 
high-quality mesh is required for the reliability of computations, stability, convergence, and 
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accuracy (Tu et al., 2013). The quality of the mesh is determined by several parameters, such as 
element quality, aspect ratio, orthogonal quality, and skewness.  
 The skewness is the difference between the shape of the cell and an equilateral cell of 
equivalent volume. ANSYS (2014) suggests the following table for the cell skewness range.   
 
Table 3.2: Skewness Guidelines (ANSYS, 2013) 
Excellent Very Good Good Acceptable Bad Unacceptable 
0 - 0.24 0.25 - 0.49 0.50 - 0.79 0.80 - 0.94 0.95 - 0.97 0.98 - 1.00 
 
 The aspect ratio is related to a measure of cell stretching. A typical aspect ratio range 
should be between 0.2 and 5 within the interior region (Blazek, 2015).   
 The orthogonal quality is computed using the cell centroid vector to each of its faces, the 
corresponding face area vector, and the cell centroid vector to the centroids of each adjacent cell 
(ANSYS, 2014). The following table shows the cell orthogonal quality guidelines. 
 
Table 3.3: Orthogonal Quality Guidelines (ANSYS, 2013) 
Unacceptable Bad Acceptable Good Very Good Excellent 




 The meshing operations are carried out using ANSYS Mechanical tool. The unstructured 
tetrahedral mesh is applied since it is suggested for cylindrical geometries (Sivagnanam, 2014). 
In order to create a high-quality mesh, two face sizing are applied to the drill bit geometry. The 
first face sizing is used only in the outer walls corresponding to the annular outlet and bottom of 
the drill bit and has a face sizing of 2.5 mm. For the faces requiring a higher level of detail, such 
as the central outlet, flushing, suction nozzles, and pressure restoring grooves, a face size of 1.5 
mm is used. The generated mesh does not contain any inflation layers. These layers are useful to 
capture the boundary layer of the fluid. This can be considered in the future studies.  Figure 3.4 
and Figure 3.5 show the meshed geometries of the three drill bit designs.  
 
 
Figure 3.4: The mesh structure for the three types of drill bits. Left: cross-sectional view, right: 
isometric view 
 
 Since the suction nozzles and the flushing nozzles need detailed information, the mesh 




Figure 3.5: The sectional view of the meshes for 6-nozzle design (left), 3-nozzle design (middle), 
2-nozzle design (right) 
  
 
Figure 3.6: Close-up view of the suction and flushing nozzles meshing 
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 Table 3.4 provides information about mesh statistics for each model. It can be observed 
that mesh quality parameters are within the acceptable range for a good quality mesh. The bar 
plots related to the mesh statistics, including element quality, aspect ratio, skewness, and 
orthogonal quality, are attached to Appendix A, Figures A.1 to A.13. 
 
Table 3.4: Mesh statistics for each model 
 6-nozzle model 3-nozzle model 2-nozzle model 
Type Tetrahedrons Tetrahedrons Tetrahedrons 
Nodes (103) 280.00 258.92 250.05 
Elements (106) 1.34 1.24 1.19 
Mesh Size (mm) 17.64 17.64 17.64 
Central Outlet Face Sizing (mm) 1.50 1.50 1.50 
Annular Outlet Face Sizing (mm) 2.50 2.50 2.50 
Average Element Quality 0.84 0.84 0.84 
Average Aspect Ratio 1.85 1.85 1.85 
Average Skewness 0.23 0.23 0.23 
Average Orthogonal Quality 0.77 0.77 0.77 
 
Grid Independence  
In order to have a solution that is not dependent on the mesh size, a grid independence 
test should be conducted. The idea here is to gradually reduce the mesh size and see if the 
solution is changing for different mesh sizes. If the solution is the same for the coarse and fine 
meshes, then the coarse mesh should be selected to reduce the computational cost. In other 
words, the grid independence test is to optimize the mesh size in a way that gives the correct 
solution and reduces the computational time and cost.    
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As mentioned in the previous section, the mesh consists of two face sizing. The first 
sizing is applied to the outer walls with a size of 2.5 mm. The other face sizing applied to the 
areas that require a higher level of detail has a size of 1.5 mm. For the grid independence test, the 
first face sizing is reduced to 2 mm, and the other to 1.3 mm. Table 3.5 gives detailed 
information about the 2.0 mm mesh.  
 
Table 3.5: Statistics for the 2.0 mm mesh 
 
6-nozzle model 3-nozzle model 2-nozzle model 
Type Tetrahedrons Tetrahedrons Tetrahedrons 
Nodes (103) 367.88 343.76 332.88 
Elements (106) 1.76 1.64 1.58 
Mesh Size (mm) 17.64 17.64 17.64 
Central Outlet Face Sizing (mm) 1.30 1.30 1.30 
Annular Outlet Face Sizing (mm) 2.00 2.00 2.00 
Average Element Quality 0.83 0.83 0.83 
Average Aspect Ratio 1.88 1.88 1.88 
Average Skewness 0.24 0.24 0.24 
Average Orthogonal Quality 0.76 0.76 0.76 
 
 For the 2.0 mm mesh, element number increases from 1.3 million to 1.8 million in 6-
nozzle design. In 3-nozzle design, it jumps to 1.6 million from 1.2 million. Lastly, the element 
number for 2-nozzle design rises to 1.6 million from 1.2 million. Again, the mesh quality 
parameters for the fine mesh are within the acceptable range that ANSYS suggests.  
 In order to check the solutions for the 2.5 mm mesh and 2.0 mm mesh, nine locations are 
probed in the geometry of all types of drill bits. Line 1 represents a line that goes through the air 
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inlet and the flushing nozzles. Another line called Inlet Line is probed at the air inlet to make 
sure both mesh sizes give accurate results at the inlet. Line 2 is a horizontal line located in the 
mixing zone close to the discharge of the suction nozzles. Three more horizontal lines 
(Horizontal Line 1, 2, and 3) are located at the geometry to capture and compare data for both 
meshes. Line 3 is placed in the central passage of the drill bit with additional two lines. The 
locations of the lines are shown in Figure 3.7. 
 
 
Figure 3.7: The data lines for grid independence test 
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 The velocity, pressure, and temperature values are gathered from the lines for the 2.5 mm 
and 2.0 mm mesh and compared to see if the results are different. The comparison is made for 
the three types of drill bits. For the 6-nozzle design, the graphs that show the pressure, velocity, 
and temperature values for different lines are shown in Figure 3.8 to 3.16. The other graphs for 
the rest of the lines for 3-nozzle and 2-nozzle designs are placed in Appendix B, Figure B.1 to 
B.27. 
As shown in the below graphs, the 2.5 mm and the 2.0 mesh give almost the same results 
for the pressure, velocity, and temperature values. That means the solution is grid-independent. 
For this reason, the 2.5 mm mesh is used for all three types of drill bit simulations. 
 
 





Figure 3.9: The velocity plots at Line 1 for 2.00 mm and 2.5 mm mesh size  
 
 
































 After meshing, the setup parameters should be determined according to the system. 
Fluent offers a variety of settings for the fluid-flow simulations. Setup parameters include the 
general solver settings, material properties, the models used in simulations, and boundary 
conditions.  
3.3.1 General Solver Settings 
 Firstly, all simulations use a coupled pressure-based solver. When using this solver, the 
continuity of the velocity field is achieved by solving a set of pressure equations and combining 
them with momentum equations. The pressure and momentum equations are closed related, and 
the coupling process assists in the convergence of the model (ANSYS, 2014). When dealing with 
the highly compressible flow, this solver is the one that gives the best convergence for the 
models in literature studies. Besides, the absolute velocity formulation is selected, and all 
simulations are done as steady-state. 
3.3.2 Material Properties 
 In reverse circulation drilling, compressed air is used as a circulation fluid. Likewise, the 
models in this thesis use compressible air as the material. Fluent has the default incompressible 
air properties, and they need to be adjusted according to the compressible air. For this reason, the 
density is set to ideal-gas that is used for compressible air. The ideal-gas law for compressible 
flows is determined by the following equation: 




𝑝𝑜𝑝 is the operating pressure, 
𝑝 is the gauge pressure (ANSYS, 2014). 
 As can be seen from Equation 3.1, the ideal-gas law highly depends on the inlet pressure 
and temperature. It means that the density for the compressed air increases for higher air inlet 
pressures and lower temperatures. The simulations in this thesis are performed at constant air 
inlet pressure (20 bar) and temperature (300K). Cp is set to the piecewise-linear values 
interpolating temperatures of 250 K to 750 K (1031 and 1088 Pa.s, respectively). Since the ideal-
gas is selected for the density, kinetic theory is preferred as the thermal conductivity. The 
viscosity is Sutherland, which assisted the model convergence and provided a more accurate 
representation of supersonic velocities in decompression and suction zones, often observed in the 
drill bit, especially for the higher mass flow rate scenarios. The molecular weight is set to the 
standard value of 28.97 kg/kmol. The Sutherland equation related parameters are determined as 
standard, including the L-J Characteristic Length and Energy parameters (3.711 angstrom and 
78.6 K, respectively). 
3.3.3 Models 
 Fluent solves the mass and momentum equations for every system. However, the energy 
equation needs to be turned on depending on the system requirements. Since the ideal-gas 
density is used for the compressible air, the energy equation should be on for the density 
calculations.  
ANSYS provides different models for the viscous model, such as inviscid, laminar, k-
epsilon, k-omega, Reynold's stress, and Large Eddy Simulations. In order to determine the viscid 
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model of the fluid, Reynold's number should be calculated. Reynold's number is represented in 
Equation 3.1.  
𝑅𝑒 =  𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒 = 𝜌V𝐿𝜇                                                                 (3.2) 
Where: 
𝜌 is density, 
V is velocity,  
L is length, 
And 𝜇 is bulk density.  
 If Reynold's number is less than 2300, then the flow is laminar. For the values between 
2300 and 4000, the flow is transient. Finally, when Reynold's number is bigger than 4000, the 
flow is turbulent (Benson, 2014).   
The calculated Reynold's number indicates that the flow inside the reverse circulation 
drill bit is turbulent. The turbulence model is set as the realizable k-epsilon model with standard 
wall functions. The realizable k-epsilon model provides a more accurate representation of highly 
turbulent flows, which is evidenced especially in the decompression zones of the drill bit. This 
turbulence model is governed by the Boussinesq relationship and eddy viscosity, which is 
simplified in Equation 2.6 on page 13. Due to the high complexity of the simulations and high 
computational time, the standard wall functions are applied. The primary investigation does not 
focus on the flow behavior on the walls; therefore, such simplification is still valid to evaluate 
the different drill bit designs in terms of their reverse circulation properties.  
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 Other models that can be utilized in fluid-flow simulations are multiphase, radiation, heat 
exchanger, species, discrete phase, solidification and melting, acoustics, structure, eulerian wall 
film, and electric potential. However, for the simulations in this thesis, those models are turned 
off. Table 3.6 summarizes the general solver settings, material properties, and models for three 
types of drill bits simulations.  
 




Material Properties (air) 
Density (kg/m3) Ideal-gas 
Cp (J/kg-K) 
Piecewise-linear 
Point 1 - Temperature = 250K, value = 1031 
Point 1 - Temperature = 750K, value = 1088 
Thermal conductivity (w/m-K) Kinetic-theory 
Viscosity (kg/m-s) Sutherland 
Molecular weight (kg/kmol) Constant - 28.97 
L-J Characteristic length (angstroms) Constant - 3.71 










3.3.4 Boundary Conditions 
 Boundary conditions include the initial conditions for inlet and outlets. As mentioned 
earlier, the first practice of this thesis focuses on simulating three suction-type reverse circulation 
drill bit designs under different inlet flow-rate conditions. The drill bits share the same 
dimensions, but their design differs in the number of flushing nozzles in the system. These three 
designs are tested by applying different inlet compressed air flow rates of 0.1225 kg/s, 0.5 kg/s, 
1.0 kg/s, and 1.5 kg/s. These values are selected based on the available literature of CFD applied 
to the design of reverse circulation drill bits, as well as the flow rate capacity of air compressors 
commonly used for this application.  
 For each scenario with different air flow-rates, the boundary conditions should be 
calculated accordingly. For the inlet boundary conditions, Fluent asks the mass flow rate, initial 
gauge pressure, temperature, and turbulence with several specification methods such as k and 
epsilon, intensity and length scale, intensity and viscosity ratio or intensity and hydraulic 
diameter. The simulations involved in this thesis use the turbulence intensity and hydraulic 
diameter option for turbulence parameters.  
 The inlet is determined as mass flow inlet, and the mass flow rates are 0.1225 kg/s, 0.5 
kg/s, 1 kg/s, and 1.5 kg/s being injected normal to the boundary, as mentioned earlier. Initial 
gauge pressure reflects the initial pressure of the air coming from the compressor, and it is set as 
20 bar for each case. 300 K temperature is applied to the inlet. The turbulence is set using 
intensity and hydraulic diameter. The hydraulic diameter of the mass flow inlet is calculated to 
be 20 mm based on the geometry. The turbulence intensity values are calculated using ideal gas 
law to estimate the flow velocity in the inlet. The Reynolds numbers for each scenario are 
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calculated from the flow velocity, and then the turbulence intensity is determined using Equation 
3.2.  
𝑇𝑖 = 0.16(𝑅𝑒)−1/8                                                                        (3.2)          
 Both the annular and central outlets are set to pressure outlets. A gauge pressure of zero 
is applied, and the thermal zone is determined as 290 K for all scenarios to account for the 
temperature drop during flow decompression. The turbulence models for both outlets are set to 
the intensity and hydraulic diameter. The hydraulic diameter is calculated based on the geometry 
of both outlets and resulted in being 7.59 mm and 50 mm for the annular and central outlets, 
respectively. Since Reynold's number calculation for the outlets is complicated, the same 
turbulence intensity is used at the outlets. For all the cases, the walls have no-slip stationary 
conditions. Table 3.7 shows all the calculations for the inlets and outlets under different mass 
flow rates. Since the geometry dimensions for three types of drill bits are the same, the calculated 
values are applicable for all designs.  
 
Table 3.7: Calculation of turbulent intensities for different mass flow rates 
Mass Flow Inlet 
Hydraulic diameter (mm) 20.00 20.00 20.00 20.00 
Calculated flow speed (m/s) 0.70 2.86 5.71 8.57 
Calculated Reynold's Number 8976 73276 146552 219827 
Calculated turbulence intensity (%) 5.10 4.00 3.60 3.40 
Central Pressure Outlet 
Hydraulic diameter (mm) 50.00 50.00 50.00 50.00 
Calculated turbulence intensity (%) 5.10 4.00 3.60 3.40 
Annular Pressure Outlet 
Hydraulic diameter (mm) 7.59 7.59 7.59 7.59 
Calculated turbulence intensity (%) 5.10 4.00 3.60 3.40 
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3.4 Solution  
 After setting up the model, solution controls should be determined. These controls consist 
of methods, controls, report definitions, monitors, and initialization. Solution methods are to 
determine the pressure-velocity coupling scheme and spatial discretization methods. A coupled 
solver is used for the pressure-velocity coupling scheme. Second-order spatial discretization is 
applied to all methods. Due to the high computational time of the simulations, a second-order 
solution is the most reasonable and achievable considering the number of simulations and time 
and computational resources availability. All solutions have the pseudo-transient option turned 
on, helping to stabilize the solution and convergence. The solution controls include the pseudo-
transient explicit relaxation factors for pressure, momentum, density, body forces, turbulent 
kinetic energy, turbulent dissipation rate, turbulent viscosity, and energy. These factors are kept 
as default. Report definitions are to control the solution stability. When the solution is reached to 
convergence, the results should not change with the additional iterations. The generated reports 
enable the user to see the change in the results for every iteration. Monitoring the residuals is 
vital to see if the solution is converged. The residuals for continuity, velocity, energy, k, and 
epsilon should drop to a specific value such as 10-3 except for energy that is 10-6 for 
convergence. The hybrid initialization is carried out for each case.  
For a solution to be considered as accurate and reliable, there are three main conditions to 
meet. Firstly, the solution should be converged by residuals of the solution dropping to 10-3,  
except energy to 10-6. The second condition is that the solution should not change with the 
additional iterations after convergence. Lastly, overall mass balances, the difference in mass flux 
between the inlet and outlets, should be less than 0.2%. The solutions in this thesis have met the 
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three conditions. An example of a residual plot is shown in Figure 3.17. The rest of the residual 
plots for each solution can be found in Appendix C, Figures C.1 to C.11. 
 
 
Figure 3.17: The residual plot for the 6-nozzle suction bit with 0.5 kg/s air inlet rate 
 
 Two surface report monitors, namely the mass flow rates and facet maximum of 
temperature, were generated to check if the solution is changing with additional iterations. Figure 
3.18 and Figure 3.19 show an example of a mass flow rate and temperature plot. Since it is no 













3.5 Model Validation 
In CFD analysis, it is vital to validate the model with experiments or literature studies. 
The objective of validation is to check the model reliability in a way that gives accurate results to 
be considered credible for decision making in design and optimization (Pandya et al., 2018).   
For the suction-type RC drill bit, several CFD models and experiments were performed to 
understand the fluid behavior inside the drill bit and optimize the drill bit for maximum reverse 
circulation effect. The geometries and meshes used in these studies were different, but the Fluent 
setup and solver settings had standard parameters. For instance, Bo et al. (2012), Cao et al. 
(2016), and Zhao et al. (2017) focused on the effect of suction nozzle structure on the reverse 
circulation effect of the suction-type RC drill bit. Although their geometry designs and meshing 
techniques were different, their CFD simulations utilized the same material properties, 
turbulence model, and the Fluent solver settings. Their results proved that their Fluent solver 
setup for the compressed air simulations give close results to reality. Therefore, the models 
generated in this thesis use the same settings as the literature studies.  
In order to test the model reliability, two particular cases, published by Cao et al. (2016), 
and Wang et al. (2015), were modeled with the same Fluent setup conditions. Since their study 
did not explain the details about the mesh characteristics, the mesh generated for the numerical 
simulations in this thesis was used in the validation simulations. Besides, the geometries were 
designed based on the inadequate information given in the papers. Thus, there may be some 
discrepancies in the geometries in the studies and the thesis models. Cao et al. (2016) and Wang 




In their study, Cao et al. (2016) gathered the pressure values in the central passage and 
the bottom of the drill bit. Figure 3.20 presents the lines where the pressure values gathered. 
Figure 3.21 and Figure 3.22 show the pressure values for Cao et al. (2016) and the thesis model 
for the center and the bottom of the drill bit. The black plot indicates the Cao et al. (2016) results, 
and the red shows the thesis model results.    
 
 
Figure 3.20: The central and bottom line for data comparison 
 
Despite the uncertainties in the geometry and mesh, the thesis model gives close results 
to Cao et al. (2016) results. The pressure plots vary at specific points in the drill bit geometry, 
which means that the geometries are not identical, causing variations in pressure values. 
Furthermore, the structure of the mesh plays an essential role in the solution. Since a different 




Figure 3.21: Comparison of the static pressure values at the central line 
 
 




 Wang et al. (2015) analyzed the suction-type drill bit using the same setup as Cao et al. 
(2016). However, these studies' geometry designs were different. For comparison, the geometry 
is modeled based on the information given in Wang et al. (2015)’s study. Since the mesh 
properties were not explained in detail, the same mesh is used for computations. Figure 3.23 
presents the lines where the pressure values gathered. The comparison of the obtained results and 
Wang et al. (2015) results are shown in Figures 3.24 and 3.25.  
 
 
Figure 3.23: The central and bottom lines for data comparison 
 
The pressure values at the central axis of the drill bit differ at some specific locations. 
The reason is that the suction nozzles dimensions may be different from Wang et al. (2015) 
study. Geometry differences can explain the sudden increase in the pressure at the discharge of 
the suction nozzles. It is a well-known fact that the geometry and mesh designs change the 
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results on a large scale. Although the geometry scales looks different for Wang et al. (2015) and 
the thesis model, they have the same dimensions.  
 
 
Figure 3.24: Comparison of the static pressure values at the bottom line 
 
 
Figure 3.25: Comparison of the static pressure values at the central line 
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 In these two studies, the mass flow rates at the outlets were given. Table 3.8 on page 47 
shows the comparison of the mass flow rates in the studies and the models. 0.1225 kg/s 
corresponds to 6 m3/min air amount. Thus, it is kept with four digits after the decimal throughout 
the thesis. As shown in the table, the error in the mass flow rates is less than 9%, which is an 
acceptable amount for a CFD analysis.  
Although the geometry and mesh are different from these two studies, the thesis models 
give results close to them, which means that the mesh and the Fluent solver settings used for the 
suction-type RC drill bit analysis provide reliable results. 
 
Table 3.8: Comparison of the mass flow rates at outlets for the reference studies and the thesis 
models 












Air inlet (kg/s) 0.1225 0.1225 - 0.1225 0.1225 - 
Annular outlet 
(kg/s) 
0.06 0.05 8.53 0.02 0.02 6.22 
Central outlet 
(kg/s) 
-0.18 -0.17 2.72 -0.14 -0.14 0.71 






CHAPTER 4  
NORMAL-TYPE DTH REVERSE CIRCULATION DRILL BIT 
 As mentioned in Chapter 1, the normal-type DTH drill bit is commonly used in reverse 
circulation drilling. Usually, this type of drill bit is applied for direct circulation drilling, but with 
a change in the drilling system, it can be used for reverse circulation drilling as well. The bit 
consists of a drill hammer and a tungsten carbide drill bit. Unlike the suction-type drill bit, it 
does not have suction and flushing nozzles inside. Instead, it has two orifices directly connected 
to the central passage of the drill bit. The air coming from the compressor goes to the bottom of 
the bit through the annulus between the drill hammer and borehole. Then, rock cuttings are 
sucked to the central passage of the drill bit from the orifices on the drill bit bottom with 
recirculating air. Like the suction-type bit, the negative pressure inside the drill bit and the 
suction capacity of the system are the main parameters to emphasize the effectiveness of this 
type of drill bit.    
4.1 Geometry 
 Since no CFD study has been conducted to analyze the normal-type drill bit, the 
geometry of the system is designed based on the parameters given from the General Directorate 
of Mineral Research and Exploration (MTA) in Turkey. MTA applied this drilling system in a 
couple of fields in Turkey. The geometry of the drill bit consists of an air mass flow inlet and 




Figure 4.1: Drill bit geometry (left), and the elements of the drill bit (right) 
 
As mentioned earlier, the compressed air is injected to the bottom of the drill bit through 
the air inlet. The pressure difference between the air inlet and the central pipe allows air to be 
sucked into the central pipe while collecting rock cuttings. The flow direction inside the drill bit 
is represented in Figure 4.2. The red arrow shows the inlet air, and the blue arrow is for the 





Figure 4.2: The flow direction inside the normal-type drill bit 
 
4.2 Mesh 
 The meshing process for this type of drill bit follows the same steps as the suction-type 
drill bit modeling. Since the normal-type drill bit does not have small areas that need greater 
detail of information such as suction and flushing nozzles, the mesh does not include face sizing. 
Instead, the element size of the tetrahedral meshes is reduced gradually for the grid 
independency test. The tested sizes are as follows; 15 mm, 5 mm, 3 mm, 2 mm, and 1mm. The 




Figure 4.3: Cross-sectional views of the meshes generated for the grid independency test 
 
For each tested mesh size, the mesh qualities are checked with mesh metrics, including 
element quality, aspect ratio, skewness, and orthogonal quality. The details of the meshes can be 
found in Table 4.1. 
 
Table 4.1: The details of the mesh sizes 
Mesh Size 15 mm 5 mm 3 mm 2 mm 1 mm 
Type Tetrahedrons Tetrahedrons Tetrahedrons Tetrahedrons Tetrahedrons 
Nodes (103) 11.00 48.13 158.18 434.43 2310.89 
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Table 4.1: Cont. 
Elements (106) 0.04 0.20 0.70 2.10 11.68 
Average Element Quality 0.77 0.83 0.83 0.84 0.84 
Average Aspect Ratio 2.23 1.86 1.87 1.84 1.85 
Average Skewness 0.31 0.23 0.23 0.22 0.23 
Average Orthogonal 
Quality 
0.69 0.77 0.77 0.77 0.77 
 
 As shown in the above table, the mesh quality parameters are within the acceptable range 
for a good quality mesh. The bar graphs for the mesh metrics are placed in Appendix A, Figures 
A.13 to A.16. 
 For the grid independency test, two data lines are located on the drill bit geometry. The 
central line is a line that cuts the geometry vertically in half in the z-direction extending through 
the bottom of the bit. The bottom line represents the line that is placed horizontally 3 mm above 
the bit bottom. The pressure and velocity values gathered from the two data lines are compared 
and analyzed for each mesh size to check for the solution independencies and the mesh size 





Figure 4.4: The data lines used for grid independence test 
 
 The pressure and velocity values for each mesh size are shown in Figure 4.5 to Figure 
4.8. It is evident that the coarser mesh size gives quite different results compared to the finer 
meshes. The reduction in the mesh size increases the element number in the mesh leading to the 
more computational area, which results in more accurate and realistic simulation results. Up to 2 
mm mesh size, the pressure and velocity values keep changing. When it comes to the 1 mm, it 
gives almost the same results with the 2 mm mesh size. It means that after 2 mm, the results will 
be the same for finer meshes. Therefore, a 2 mm mesh size is selected for the normal-type drill 




















The general solver settings, material properties, and models used in the normal-type drill 
bit simulations are the same as the suction-type drill bit. Therefore, only the boundary conditions 
are explained in this section. 
 The normal-type drill bit is analyzed under the same operating conditions as the suction-
type drill bit to compare the two types of drill bits' reverse circulation performances decently. As 
mentioned earlier, the normal-type drill bit design has a mass flow inlet and two pressure outlets 
naming central outlet and annular outlet. The boundary conditions are calculated for different air 
mass flow rates; 0.1225 kg/s. 0.5 kg/s, 1.0 kg/s, and 1.5 kg/s at 20 bar inlet pressure. The 
calculations follow the same steps as in the suction-type drill bit in section 3.3.4. The detailed 
table that shows the boundary conditions is demonstrated below.  
 
Table 4.2: Boundary conditions for the normal-type drill bit simulations 
Mass Flow Inlet 
Hydraulic diameter (mm) 20.0 20.0 20.0 20.0 
Calculated flow speed (m/s) 0.7 2.9 5.7 8.6 
Calculated Reynold's Number 24775 111233 202243 303364 
Calculated turbulence intensity (%) 4.5 3.7 3.5 3.3 
Central Pressure Outlet 
Hydraulic diameter (mm) 60.0 60.0 60.0 60.0 
Calculated turbulence intensity (%) 4.5 3.7 3.5 3.3 
Annular Pressure Outlet 
Hydraulic diameter (mm) 3.0 3.0 3.0 3.0 




 The solution methods for the normal-type drill bit simulations have the same settings as 
the suction-type drill bit simulations. The detailed explanation for the solution methods can be 
found in section 3.4.  
4.5 Model Validation via a Field Study 
As mentioned earlier, the normal-type drill bit parameters were provided from the 
General Directorate of Mineral Research and Exploration (MTA) in Turkey. MTA conducted 
several reverse circulation drilling operations using the normal-type drill bit. They applied 
reverse circulation drilling using a 0.5 kg/s inlet air rate at 20 bar in one of their drilling fields. 
The other parameters for the normal-type drill bit were the same as those designed in this thesis. 
They mentioned the problems they faced on the site. The main problem was about sample 
collection. In reverse circulation drilling, it is essential to have a continuous sampling. They were 
not able to collect the rock chips produced during drilling continuously. It is expected to face this 
problem considering the 0.5 kg/s case results in Chapter 5, section 5.2. It only produces 5 kPa 
negative pressure inside the drill bit with a non-uniform velocity distribution. The inlet air does 
not provide enough pressure for rock particles to be sucked to the central passage of the drill bit. 
Also, they realized that the bit became stuck at the drill hole. It is because of the rock particle 
built-up inside the drill bit. When there is not enough negative pressure to carry the rock particles 
to the surface, they accumulate inside the drill bit. Another reason for insufficient particle 
transport is the suction capacity of the system. As can be seen in Table 5.6 on page 76,  the 
suction ratio of 0.5 kg/s case is 0.8, causing 56% air loss. It means that a sufficient amount of air 
is not recirculating into the drill bit to carry the rock cuttings to the surface continuously. 
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Besides, MTA faced a severe dust problem during the drilling because 56% of the inlet air 
escapes from the annulus carrying the small particulates to the surface. 
This case study proves that 0.5 kg/s inlet air amount does not provide sufficient reverse 
circulation for the normal-type drill bit. It also validates the CFD simulation results for the 


















CHAPTER 5  
RESULTS AND DISCUSSION 
This chapter presents the CFD simulation results for the suction-type drill bit and the 
normal-type drill bit. The simulations were performed using the same air inlet amounts at 20 bar 
operational compressed air pressure. Then, the comparison is made considering their reverse 
circulation performances. Reverse circulation performance can be evaluated by the negative 
pressure inside the drill bit and the suction capacity of the system. Suction capacity is the ratio of 
the air amount at the central outlet to the annular outlet. In other words, the higher the air sucked 
from the central outlet, the lesser the air loss from the system, thus better reverse circulation. It is 
crucial not to lose too much air from the annulus because there should be enough recirculating 
air in the system to carry the rock cuttings to the surface. Therefore, in comparing both drill bit 
types, the negative pressure and suction capacity obtained from the simulations are taken into 
account.   
5.1 Results of Simulations for the Suction-Type Reverse Circulation Drill Bit  
 As mentioned earlier, three different suction-type drill bit models have been designed to 
investigate the effect of flushing nozzles number on reverse circulation performance. The main 
objective is to optimize the air inlet amount that provides the highest negative pressure and the 
suction capacity for the different number of flushing nozzles. These three designs are called as 6-
nozzle, 3-nozzle, and 2-nozzle suction-type drill bits. The results for each type of drill bit are 
given in the following subsections.   
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5.1.1 6-nozzle Suction Bit 
 The six flushing nozzles of the bit has the same dimensions as the other designs. The 
boundary conditions are calculated considering the different air mass flow rates, as explained in 
Section 3.3.4. The contour plots for pressure and velocity are obtained considering the symmetry 
plane of the drill bit geometry. The pressure contours for different air mass flow rates are shown 
in Figure 5.1.  
 
 




 The pressure contours in Figure 5.1 show that the increase in the air mass flow rate leads 
to a higher negative pressure inside the drill bit. However, the negative pressure reaches its peak 
value at the 1.0 kg/s air rate. At the 1.5 kg/s air rate, the negative pressure starts to decrease 
slightly. The pressure values collected from the central line of the drill bit are plotted to make a 
detailed comparison of the negative pressures for different air amounts (Figure 5.2). H is the 
height of the bit, and Z is the distance at Z direction. 
 
 
Figure 5.2: The pressure plots for the different air amounts at the central line of the drill bit 
 
 Figure 5.2 clearly shows that 0.1225 kg/s air gives the minimum negative pressure inside 
the drill bit while 1.0 kg/s gives the most. The negative pressure inside the drill bit is related to 
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the suction capacity of the system. Table 5.1 lists the suction capacity of the 6-nozzle bit for 
different inlet air amounts.  
 
Table 5.1: The suction capacity of the 6-nozzle bit for different inlet air amounts 
 6-Nozzles Suction Bit 
Air Inlet (kg/s) 0.1225 0.50 1.00 1.50 
Central Outlet (kg/s) -0.06 -0.33 -0.62 -0.91 
Annular Outlet (kg/s) -0.07 -0.17 -0.38 -0.59 
Suction Ratio 0.86 1.97 1.62 1.54 
Air Loss (%) 54.84 33.63 38.23 39.38 
 
 0.1225 kg/s air amount does not provide enough air to recirculate, causing low negative 
pressure. Since the negative pressure is low at the central outlet, 55% of the inlet air escapes 
from the annulus leading to low suction capacity. However, the increase in the air inlet rate 
improves the suction capacity and the negative pressure up to a certain point. 0.5 kg/s air amount 
has the highest suction capacity, but it gives 27 kPa negative pressure inside the drill bit. When it 
comes to 1.0 kg/s, it has the maximum negative pressure (50 kPa), and the suction capacity is 
lower than 0.5 kg/s, causing 38% air loss. For 1.5 kg/s air rate, the negative pressure and the 
suction ratio starts to decrease.  
 From the particle transport standpoint, the velocity profiles inside the drill bit should also 
be considered. Inside the central passage, the air velocity should be high enough to carry the rock 
particles. Figure 5.3 and Figure 5.4 show the velocity contours of the symmetry planes and the 
velocity plots, respectively. The velocity values increase with the higher input air amount. 
0.1225 kg/s causes zero velocities in the central passage of the drill bit. It would lead to particle 
built up at the entrance of the drill bit. 0.5 kg/s improves the velocity profile along the central 
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passage. However, it still has zero velocity values near the walls. 1.0 kg/s and 1.5 kg/s have high 
air velocities along the central passage of the drill bit. However, high air velocity may result in 
erosion in the bit walls.    
 
 





Figure 5.4: 6-nozzle bit velocity plots at the central line for different air rates 
 
 Considering the negative pressure, suction capacity, and the velocity inside the drill bit, 
the optimum air amount would be 1.0 kg/s for a 6-nozzle suction bit.  
5.1.2 3-nozzle Suction Bit 
 For the 3-nozzle suction bit, the results' analysis follows the same steps as the 6-nozzle 
suction bit. Figure 5.5 and Figure 5.6 represent the pressure contours at the symmetry plane and 
the pressure plots at the central line of the drill bit for different air amounts.  
 0.1225 kg/s does not provide enough negative pressure inside the drill bit. Up to 1.5 kg/s, 
the negative pressure keeps increasing. Since the negative pressure decreases at 1.5 kg/s, the 










Figure 5.6: 3-nozzle bit pressure plots for the different air amounts at the central line of the drill 
bit 
 
 Table 5.2 displays the suction capacities and the air losses for the 3-nozzle suction bit. 
The highest suction capacity is provided by 0.1225 kg/s air rate. However, the maximum 
negative energy is obtained from 1.0 kg/s with an adequate suction capacity.  
The velocity plots and contours for the 3-nozzle suction bit are represented in Figures 5.7 
and 5.8 on page 65. The velocity profiles inside the drill bit are similar to the 6-nozzle suction bit 




Table 5.2: The suction capacity and the air loss rates 
 3-Nozzles Suction Bit 
Air Inlet (kg/s) 0.1225 0.50 1.00 1.50 
Central Outlet (kg/s) -0.08 -0.30 -0.64 -0.93 
Annular Outlet (kg/s) -0.04 -0.20 -0.36 -0.57 
Suction Ratio 2.09 1.56 1.80 1.65 













 The pressure, suction capacity, and the velocity results show that the optimum air amount 
is 1.0 kg/s for the 3-nozzle suction bit.  
5.1.3 2-nozzle Suction Bit 




Figure 5.9: 2-nozzle pressure plots at the central line for different air amounts 
 
 The highest negative pressure is obtained by 1.0 kg/s air amount with 79 kPa. After 1.0 
kg/s, the pressure decreases slightly. Table 5.3 on page 69 shows the suction capacities of the 2-
nozzle bit for different air amounts. The highest suction capacity is provided by 0.1225 kg/s. 








Table 5.3: The suction capacity and air losses for the 2-nozzle suction bit 
 2-Nozzles Suction Bit 
Air Inlet (kg/s) 0.1225 0.50 1.00 1.50 
Central Outlet (kg/s) -0.10 -0.32 -0.63 -0.92 
Annular Outlet (kg/s) -0.03 -0.18 -0.37 -0.58 
Suction Ratio 3.36 1.85 1.72 1.59 
Air Loss (%) 23.34 35.14 36.69 38.66 
 
 The velocity plots and contours are represented in Figures 5.11 and 5.12. The velocity 
values for 1.0 kg/s and 1.5 kg/s follow almost the same trend. 0.1225 kg/s gives the lowest 
velocity at the central line of the drill bit, as expected.  
 
 










 After evaluating the pressure, velocity, and suction ratios for the different air amounts, 
the optimum input air rate for the 2-nozzle suction bit is determined as 1.0 kg/s.  
 Table 5.4 summarizes the results for all types of suction bits. The optimum air amount for 
the three types of suction drill bit is found as 1.0 kg/s. Although the optimum air rates are the 
same for each type of suction drill bit, their reverse circulation performances differ at the same 
inlet air amount. The 2-nozzle suction drill bit has the highest reverse circulation performance 
with 79 kPa negative pressure inside the drill bit and a suction rate of 1.72.   
 
Table 5.4: The summary of all types of suction bit results 




(%)   Max Min Max Min 
6-nozzle 
Suction Bit 
0.1225 kg/s 0.00 -5.70 83.19 3.00 0.86 53.75 
0.50 kg/s 52.84 -27.37 340.04 45.33 1.97 33.63 
1.00 kg/s 106.21 -50.08 444.67 35.30 1.62 38.23 
1.50 kg/s 198.06 -35.73 462.09 35.38 1.54 39.38 
3-nozzle 
Suction Bit 
0.1225 kg/s 0.00 -9.37 128.10 0.17 2.09 32.34 
0.50 kg/s 37.61 -23.21 324.11 0.29 1.56 39.05 
1.00 kg/s 116.83 -57.49 413.24 0.31 1.80 35.68 
1.50 kg/s 212.61 -41.26 479.08 50.85 1.65 37.71 
2-nozzle 
Suction Bit 
0.1225 kg/s 2.11 -10.63 169.78 0.19 3.36 23.34 
0.50 kg/s 51.87 -36.17 359.12 0.32 1.85 35.14 
1.00 kg/s 92.79 -78.93 560.33 25.49 1.72 36.69 




5.2 Results of Simulations for the Normal-Type DTH Drill Bit 
 The results of the simulations for the normal-type drill bit contain the evaluation of the 
negative pressure inside the drill bit and the suction capacity of the system. Like the suction-type 
drill bit, different inlet air amounts are tested and analyzed for their reverse circulation 
performances.  
 The pressure plots and contours are shown in Figures 5.13 and 5.14. As can be seen from 
the pressure plots, the highest negative pressure inside the drill bit is provided by 1.5 kg/s air 
amount. 0.1225 kg/s air amount is not enough to produce negative pressure.   
 
 





Figure 5.14: The normal-type drill bit pressure contours for a) 0.1225 kg/s, b) 0.5 kg/s, c) 1 kg/s, 
d) 1.5 kg/s 
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 The pressure contours (Figure 5.14) show that adequate negative pressure inside the 
normal-type drill bit starts to form after 0.5 kg/s inlet air amount. However, the negative pressure 
is produced right after the orifices and not sustained throughout the central passage of the drill bit 
as in the 1.0 kg/s and 1.5 kg/s air rate cases. It may cause particle built-up along the central 
passage. Since the negative pressure is not sustainable inside the drill bit, the recirculating air 
escapes from the annulus.  
 The suction rates and air losses for the normal-type drill bit are shown in Table 5.5. For 
each case, more than 50% of the input air is lost through the annulus. Besides, the increase in the 
inlet air amount leads to a higher air loss in the system.  
 
Table 5.5: Suction rates and air loss percentages for the normal-type drill bit 
 Normal-Type Drill Bit 
Air Inlet (kg/s) 0.1225 0.50 1.00 1.50 
Central Outlet (kg/s) -0.06 -0.24 -0.42 -0.62 
Annular Outlet (kg/s) -0.06 -0.31 -0.58 -0.88 
Suction Ratio 0.92 0.80 0.72 0.71 
Air Loss (%) 52.19 55.60 58.01 58.37 
 
 Figure 5.15 displays the velocity contours for different air amounts. The velocity 
distribution inside the drill bit is not uniform throughout the central passage until 1.5 kg/s air 
rate. It may result in particle accumulation on top of the orifices. Figure 5.16 presents the 
velocity plots for each air amount. 1.0 kg/s and 1.5 kg/s give close velocity values at the central 




Figure 5.15: The normal-type drill bit velocity contours for a) 0.1225 kg/s, b) 0.5 kg/s, c) 1 kg/s, 





Figure 5.16: The velocity plots of the normal-type drill bit for different inlet air rates 
 
  
Table 5.6 summarizes the results of the normal-type drill bit. For this type of drill bit, the 
tested air amounts do not provide adequate reverse circulation since the air loss is too high, and 
the negative pressure inside the drill bit is too low. 
  
Table 5.6: Summary of the normal-type drill bit results 
 Pressure (kPa) Velocity (m/s) 
Suction Ratio Air Loss (%) 
 Max Min Max Min 
0.1225 kg/s 0.00 -0.28 49.97 17.88 0.92 52.19 
0.50 kg/s 0.00 -5.15 204.05 65.32 0.80 55.60 
1.00 kg/s 0.00 -22.00 352.91 127.05 0.72 58.01 
1.50 kg/s 0.00 -31.26 382.17 186.81 0.71 58.37 
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5.3 Comparison of Suction-Type Drill Bit and Normal-Type Drill Bit 
 This section compares the two types of drill bits in terms of their reverse circulation 
performances under their optimized inlet air amounts at 20 bar.  
 Figure 5.17 shows the pressure plots at the central line of the drill bits. The normal-type 
drill bit has the least negative pressure while the 2-flushing nozzle suction-type drill bit provides 
the most. Although the suction-type drill bits have the same optimum air amounts as 1.0 kg/s, the 
2-nozzle design produces more negative pressure throughout the central passage than others. 6-
nozzle and 3-nozzle suction bits have their most negative pressure towards the bottom of the drill 
bit. Since they cannot sustain the high negative pressure along the central passage, it may cause 
problems from the particle transport standpoint. 
 
 
Figure 5.17: The pressure plots at the central line of the drill bit for the two types of drill bits 
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 Figure 5.18 compares the suction ratios of the drill bits for the different inlet air amounts. 
The graph shows that the normal-type drill bit has the lowest suction capacity, resulting in an 
excessive amount of air loss from the system. Among the suction-type drill bits, the 3-nozzle bit 
has a slightly higher suction ratio than the 2-nozzle bit at 1.0 kg/s; however, the 2-nozzle bit 
provides the most negative pressure inside the drill bit.  
 
 
Figure 5.18: Suction ratios for the two types of drill bits at different inlet air amounts 
 
 Another evaluation takes place considering the velocity values at the central line of the 
drill bit. As mentioned earlier, the velocity inside the drill bit should be high enough to carry the 
particles to the surface. Figure 5.19 displays the velocity plots for each type of drill bit. 2-nozzle 
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suction bit provides the highest air velocity towards the top of the drill bit. The high velocity 
towards the top of the drill bit becomes essential in terms of particle transport. It enables the 
cuttings not to accumulate inside the drill bit. However, the air velocity inside the normal-type 
drill bit decreases dramatically towards the top. It may account for the continuous sampling 
issues, as in the case of MTA's drilling operation.  
 
 
Figure 5.19: The velocity plots at the central line of the drill bits 
 
The results indicate that the normal-type drill bit is not suitable for efficient reverse 
circulation drilling. It does not provide sufficient negative pressure, air velocity, and suction 
capacity compared to the suction-type drill bit. Among all the three types of suction-type bits, the 




CHAPTER 6  
CONCLUSION AND FUTURE STUDY 
 Efficient reverse circulation drilling is a critical task in mineral exploration practices. The 
type of drill bit utilized in reverse circulation drilling plays a critical role in drilling effectiveness. 
The study presented in this thesis analyzed and compared the two types of reverse circulation 
drill bits, namely the suction-type drill bit and the normal-type drill bit.  
The normal-type drill bit is commonly preferred in reverse circulation drilling because it 
can be used either for direct circulation or reverse circulation. Therefore, it provides the drillers 
functionality. However, the CFD results proved that the normal-type drill bit does not provide 
enough negative pressure inside the drill bit and the suction capacity to the system, which 
indicates a low reverse circulation performance. Even at the low input air rates, the normal-type 
drill bit causes a significant air loss from the system resulting in poor particle transport and dust 
problems. 
In order to increase reverse circulation performance, the suction-type drill bit has been 
designed and developed. The simulation results showed that the suction-type drill bit generates 
high negative pressure and suction capacity compared to the normal-type drill bit. Three suction-
type drill bits with the different number of flushing nozzles were modeled and analyzed to 
determine the optimum input air amount concerning the number of flushing nozzles. The results 
indicated that all the three types of suction-type drill bit operate ideally at 1.0 kg/s input air 
amount. Although the optimum air amounts are the same for the three types of suction bit, the 2-
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nozzle bit provides the best reverse circulation performance in terms of the negative pressure and 
the suction capacity.  
 The normal-type drill bit is more commonly preferred in reverse circulation drilling due 
to its functionality and accessibility. However, the reverse circulation performance of this drill 
bit is not adequate for time and cost-effective drilling practices. Besides, it cannot be considered 
as environment-friendly due to the dust generated during drilling. On the other hand, the suction-
type drill bit provides more efficient reverse circulation and causes less environmental problems. 
As a result, drilling companies should consider changing their choice of drill bits to perform 
more efficient drilling operations and lead to less environmental impacts.  
 Future studies should include the experimental study to validate the results gathered from 
the CFD analyses in this thesis. The mesh generated in this thesis should be enhanced by adding 
inflation layers. Furthermore, a multiphase simulation should be conducted to see the effect of air 
velocity, the negative pressure inside the drill bit, and the suction capacity of the system on 
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APPENDIX A  
MESH STATISTICS  
 
▪ 6-nozzle Suction Bit: 
 
Figure A.1: Element quality bar graph for 6-nozzle suction bit 
 
 




Figure A.3: Skewness bar graph for 6-nozzle suction bit 
 
 
Figure A.4: Orthogonal quality bar graph for 6-nozzle suction bit 
 
▪ 3-nozzle Suction Bit: 
 




Figure A.6: Aspect ratio bar graph for 3-nozzle suction bit 
 
 








▪ 2-nozzle Suction Bit: 
 
Figure A.9: Element quality bar graph for 2-nozzle suction bit 
 
 
Figure A.10: Aspect ratio bar graph for 2-nozzle suction bit 
 
 





Figure A.12: Orthogonal quality bar graph for 2-nozzle suction bit 
 
▪ Normal-Type Drill Bit: 
 
Figure A.13: Element quality bar graph for the normal-type drill bit 
 
 















APPENDIX B  
GRID INDEPENDENCE TEST PLOTS 
 
Figure B.1: The pressure plots at Line 1 
 
 











































Figure B.11: The temperature plots at Central Line 1 
 
 





















Figure B.17: The temperature plots at inlet line 
 
 




Figure B.19: The pressure plots at horizontal central line 1 
 
 

































APPENDIX C  
RESIDUAL PLOTS FOR THE SOLUTIONS 
 
Figure C.1: 6-nozzle suction bit residual plots for 0.1225 kg/s case 
 
 




Figure C.3: 3-nozzle suction bit residual plots for 1 kg/s case 
 
 





Figure C.5: 2-nozzle suction bit residual plots for 0.5 kg/s case 
 
 




Figure C.7: 2-nozzle suction bit residual plots for 1.5 kg/s case 
 
 





Figure C.9: Normal-type drill bit residual plots for 0.5 kg/s case 
 
 





Figure C.11: Normal-type drill bit residual plots for 1.5 kg/s case 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
